Introduction {#sec1}
============

Molecular dynamics (MD) simulations are widely used to study biological systems that consist of protein, nucleic acids, lipids, and glycans. When the system size becomes intractable for all-atom simulation, coarse-grained (CG) and multiscale simulations are commonly used to average out some degrees of freedom in the system. Despite the paucity in molecular detail, CG simulations provide valuable information for understanding biological processes such as protein assembly,^[@ref1]−[@ref3]^ protein--protein interactions,^[@ref4],[@ref5]^ protein folding,^[@ref6],[@ref7]^ and membrane reactions.^[@ref8]−[@ref10]^ Moreover, incorporation of experimental data from methods such as FRET,^[@ref11]^ cryoEM,^[@ref12]^ and SAXS,^[@ref13]^ greatly extends the capability of CG models to describe complex biological systems.

One popular CG force field (FF), known as Martini,^[@ref14]^ maps on average four heavy atoms along with respective hydrogen atoms to one CG particle. The CG particles are classified into four main types---polar, nonpolar, apolar, and charged---and each main type is further classified based on its hydrogen-bonding capability or degree of polarity. The Martini FF was originally developed for lipids and later extended to include sugars^[@ref15]^ and protein.^[@ref16]^ However, the application of the Martini protein is limited to cases where details of conformational features are of little significance. Therefore, it is desirable to develop a hybrid model that accounts for proteins to a degree of detail necessary for a CG description. One recent hybrid model of such kind is the PACE FF,^[@ref17]−[@ref19]^ which represents explicitly protein heavy atoms and polar hydrogen atoms (i.e., employs a united atom model). The PACE FF was parametrized in conjunction with Martini water and lipid, and it was shown to be able to fold small peptides and proteins and reproduce a variety of experimental observations.^[@ref19]^

Although a combination of the Martini and PACE FFs holds great promise for simulations of proteins in heterogeneous environments, it is not trivial to construct heterogeneous systems for such simulations in a user-friendly manner. We note that there are scripts to generate Martini CG bilayers (<http://md.chem.rug.nl/cgmartini/index.php/tools2>) and PACE hybrid systems,^[@ref19]^ but both scripts involve several programs. When a system has multiple components or involves a special arrangement (e.g., a micelle), using these scripts is challenging. While there are web-based user interfaces to build atomistic simulation systems,^[@ref20]−[@ref25]^ to the best of our knowledge, no such tool is available for the Martini/PACE hybrid model.

Here, we report the development of a web interface, CHARMM-GUI *PACE CG Builder* (<http://www.charmm-gui.org/input/cgbilayer> for bilayer builder), to simplify the building of multiscale systems for PACE and Martini FF simulations in solution, micelle, and bilayer. We examined various simulation systems to demonstrate that PACE CG Builder is robust and that the software is well-suited for various types of simulations.

Methods {#sec2}
=======

Software Requirements {#sec2.1}
---------------------

For lipid-only systems, NAMD 2.10 or a *nightly build version* is required to calculate the Martini Lennard-Jones switching energy correctly. For protein--lipid system, a modified version of NAMD is needed to deal with the nonbonded potentials designed for the PACE FF. This version of NAMD is available at the PACE CG Bilayer Builder front page (<http://www.charmm-gui.org/input/cgbilayer>).

PACE CG Builder {#sec2.1.1}
---------------

PACE CG Builder in CHARMM-GUI provides a separate submenu for *Solution Builder*, *Micelle Builder*, and *Bilayer Builder*. The overall processes of building solution, micelle, and bilayer CG simulation systems are identical to the corresponding all-atom builders (i.e., *Quick MD Simulator,*([@ref21])*Membrane Builder,*([@ref20],[@ref23]) and *Micelle Builder*([@ref25])). Briefly, for PACE CG Bilayer Builder, a user can build a protein/bilayer complex or a bilayer-only system with single or multiple lipid types (see Figure [1](#fig1){ref-type="fig"} for the overall building process and [Supporting Information](#notes-1){ref-type="notes"} Figures S1--3 for the screenshots of the web interface). Building and simulating the systems involve seven steps. In step 1, in the case of a protein/bilayer complex system, the protein structure can be read-in either from user input or the PDB^[@ref26]^/OPM database;^[@ref27]^ we note that the PDB structure from OPM is preoriented along the *Z*-axis, i.e., along the membrane normal, with the bilayer center at *Z* = 0. In step 2, the protein can be oriented if not aligned properly and pore water molecules can be added if necessary. In step 3, the system size is determined and the head groups of the lipids are packed using lipid-like pseudo atoms as described in detail in previous works^[@ref20],[@ref23],[@ref25]^ (check *step3_packing.pdb* for lipid packing around a protein). The bilayer-only system building starts from step 3. In step 4, each component, such as water, ions, and lipids, is built separately. In step 5, all components previously built in step 4 are assembled, and the restraint and configuration files for NAMD are generated for equilibration (step 6) and production (step 7). Because the protein in the PACE FF has not been parametrized with phosphatidylglycerol (PG) and phosphatidylserine (PS) lipid types, only phosphatidylcholine (PC) and phosphatidylethanolamine (PE) lipid types are currently supported for protein/bilayer systems (see Table [1](#tbl1){ref-type="other"} for available PC and PE lipid types), and available ion types are limited to Na^+^ and Cl^--^.

![Procedure of system setup using PACE CG Micelle and Bilayer Builders.](ci-2014-00007n_0002){#fig1}

###### Lipid and Detergent Types Available in PACE CG Builder

  name   full name                                   initial surface area (Å^2^)[a](#t1fn1){ref-type="table-fn"}
  ------ ------------------------------------------- -------------------------------------------------------------
  DLPC   dilauroyl-phosphatidylcholine               57.2
  DPPC   dipalmitoyl-phosphatidylcholine             63
  DSPC   distearoyl-phosphatidylcholine              63
  POPC   palmitoyl-oleoyl-phosphatidylcholine        68.3
  DOPC   dioleoyl-phosphatidylcholine                67.4
  DAPC   diarachidoyl-glycerophosphocholine          75
  DLPE   dilauroyl-phosphatidylethanolamine          55
  DPPE   dipalmitoy-phosphatidylethanolamine         63
  DSPE   distearoyl-phosphatidylethanolamine         63
  POPE   palmitoyl-oleoyl-phosphatidylethanolamine   63
  DOPE   dioleoyl-phosphatidylethanolamine           67.4
  DHPC   diheptanoyl-phosphatidylcholine             50

The initial surface area is used to estimate the number of lipids in bilayer and micelle system building. Data from ref ([@ref23]).

For PACE CG Micelle Builder, all the building steps are similar to PACE CG Bilayer Builder except that detergents are used instead of lipids. Currently, only diheptanoyl-phosphatidylcholine (DHPC) is supported as a detergent. For PACE CG Solution Builder, the protein is solvated in step 2, and the periodic boundary condition is setup in step 3. NAMD inputs for equilibration (step 4) and production (step 5) are provided. The simulation protocol including the nonbonded interaction options is described below in detail.

The CHARMM^[@ref28]^ scripts for building the systems and the NAMD input files for equilibration and production are available to users. The CHARMM input files for simulations are not provided currently because the PACE FF uses 1--2 and 1--4 nonbonded interaction schemes at the same time, which is not implemented in CHARMM.

Test Systems {#sec2.2}
------------

The PDB IDs of all the proteins used in this work are 2A3D (α3D: a *de novo* designed single-chain three-helix bundle);^[@ref29]^2KBG (Fibronectin: the second Fibronectin type-III module of NCAM2); 2LZM (bacteriophage T4 lysozyme);^[@ref30]^2KSJ (Pf1 coat protein: the major coat protein of Pf1 bacteriophage);^[@ref31]^2L35 (the DAP12-NKG2C transmembrane heterotrimer);^[@ref32]^1G90 (OmpA: outer membrane protein A);^[@ref33]^1AFO (GpA: dimeric transmembrane domain of human glycophorin A);^[@ref34]^2K4T (VDAC: the voltage-dependent anion channel);^[@ref35]^2OAR (MscL: mechanosensitive channel of large conductance);^[@ref36]^ and 2OMF (OmpF: outer membrane protein F). In DAP12-NKG2C, the aspartate residue (Asp16) in one of the DAP12 protomers, which faces out toward the bilayer hydrophobic core, was protonated, as in a previous study.^[@ref37]^ In GpA, only the transmembrane part was simulated with a sequence of Ace-ITLIIFGVMAGVIGTILLISYGI-NMe. The starting structures used in bilayer and micelle simulations were obtained from the OPM database.^[@ref27]^ All the systems were first neutralized with Na^+^ and Cl^--^ ions and buffered with 0.15 M NaCl solution. For solution and micelle systems, the system size was determined by extending 15 Å from each side of the protein in the *X*, *Y*, and *Z* direction. In bilayer systems, the system size in the *XY* plane was determined to match the area of lipids and proteins, and a 15 Å water layer was added to each side of the bilayer.

Lipid Library {#sec2.3}
-------------

To sample the lipid structures effectively in the building process of a bilayer system, we used a lipid library that consists of 2000 configurations for each lipid type (Table [1](#tbl1){ref-type="other"}), selected from a 100-ns simulation of a CG lipid bilayer. The bilayer system was simulated at 300 K with the presence of five molecules of each lipid type in each leaflet (one of the lipid layers). The frequency of saving the trajectory was 100 ps. After the principle geometric axis of each configuration was aligned to the *Z*-axis, the configurations with the first 2000 smallest radius of gyration on the *XY* plane were selected for the lipid library.

Simulation Protocol {#sec2.4}
-------------------

For all micelle and bilayer systems, PACE CG Builder provides NAMD input files for the CHARMM-GUI standard six equilibration steps, during which the restraints on the lipid/detergent head groups and protein atoms are gradually reduced. As bilayers and micelles are modeled with MARTINI, calculation of nonbonded interactions for these systems follows a 1--2 rule, namely that nonbonded interactions are excluded if two interacting particles are separated at most by one bond. As for protein systems modeled with PACE, a 1--4 rule is applied to the calculation of nonbonded interactions. Thus, both rules are needed for systems with proteins in bilayers or micelles, which have been implemented in the modified NAMD as discussed above. For all systems, the electrostatic potential was evaluated by applying a shifting function between 0 and 12 Å. The dielectric constant was set to 15, the value used in PACE and MARTINI simulations. The nonbonded van der Waals interactions were calculated with a switching distance over 9--12 Å. The distance cutoff for searching for lists of interacting pairs was set to 14 Å. The time step was 20 fs for lipid-only systems^[@ref38]^ and 5 fs for protein-involved systems.^[@ref19]^ All simulations here were performed in the NPT (constant number of particle, pressure, and temperature) ensemble. Temperature was controlled at 300 K with Langevin dynamics using a damping coefficient of 1 ps; pressure was controlled at 1.01325 bar with the Langevin piston Nose--Hoover method.^[@ref39],[@ref40]^

Trajectory Analysis {#sec2.5}
-------------------

In lipid-only bilayer systems, the area per lipid was calculated by dividing the area in the *XY* plane by the number of lipids in one leaflet. The bilayer thickness was the distance between the average *Z* positions of the phosphate groups in each leaflet. The radius of gyration of micelle-containing systems was calculated with respect to phosphate atoms of detergent molecules. Root-mean squared deviation (RMSD) was calculated with respect to Cα atoms in helices and β strands; in cases of membrane proteins, RMSD of their transmembrane part was evaluated. Trajectory analyses were performed using tools from CHARMM^[@ref28]^ and VMD.^[@ref41]^

Results and Discussion {#sec3}
======================

In this section, we first validate that the Martini FF in the CHARMM format used in PACE CG Builder is accurate compared to the original FF in the Gromacs format. Then, the simulation results for 18 solution, micelle, and bilayer systems are presented and discussed in terms of RMSD, root-mean squared fluctuation (RMSF), radius of gyration, bilayer thickness, and per-lipid area.

Energy Comparison of Lipid-Only Bilayer Systems {#sec3.1}
-----------------------------------------------

As the Martini FF was originally developed in the framework of the simulation software package Gromacs,^[@ref42]^ we converted the Martini FF to the CHARMM format to be used in the CHARMM-GUI framework. To validate the conversion, we compared the potential energies calculated using NAMD and Gromacs 4.5.5^[@ref42]^ for one DHPC micelle and three lipid-only bilayer systems ([Supporting Information](#notes-1){ref-type="notes"} Table S1). For these systems, the differences in bond, angle, van der Waals, and electrostatic energies from NAMD and Gromacs are very small, with a relative deviation of no more than 1.9 × 10^--6^. The results demonstrate that the converted Martini FF is accurate enough to be used with NAMD to model systems with detergent/lipid as it is in Gromacs.

Simulation Examples of Solution, Micelle, and Bilayer Systems {#sec3.2}
-------------------------------------------------------------

To test PACE CG Builder and verify that the generated system and simulation files work properly, we performed 100-ns simulations of various solution, micelle, and bilayer systems with the number of atoms varying from ∼2500 to ∼16 500 (Table [2](#tbl2){ref-type="other"}). For solution systems, the tested proteins are: α3D (a small designed three-helix bundle protein),^[@ref29]^ fibronectin (a protein with all-β structure), and lysozyme (a protein that is mostly helical).^[@ref30]^ The small RMSD (\<∼3 Å) observed during the course of the 100-ns simulations indicates that the native structures of α3D and fibronectin are well-maintained through the approach introduced in the current study (Figure [2](#fig2){ref-type="fig"}). The lysozyme protein, however, is more flexible, reaching a RMSD of ∼4 Å at the end of the 100-ns simulation. Visual inspection revealed that the conformational change corresponding to the maximal RMSD (∼5 Å) involves the displacements of the helices from the amino- and carboxy-terminal domains ([Supporting Information](#notes-1){ref-type="notes"} Figure S4). Such a change is consistent with the intrinsic hinge-bending motion of lysozyme in solution as seen in previous experiments.^[@ref43],[@ref44]^

![Solution systems of (A) α3D, (B) fibronectin, (C) lysozyme, and (D) their RMSD time-series. Sodium and chloride ions are in blue and green spheres.](ci-2014-00007n_0003){#fig2}

###### Test Systems for the Solution, Micelle, and Bilayer Builders

  builder    system               lipid number   system size (Å^3^)   no. atoms
  ---------- -------------------- -------------- -------------------- -----------
  solution   α3D                  0              63 × 63 × 63         2565
  solution   fibronectin          0              74 × 74 × 74         4100
  solution   lysozyme             0              81 × 81 × 81         5626
  micelle    DHPC                 35             70 × 70 × 70         2789
  micelle    Pf1 + DHPC           75             83 × 83 × 83         5009
  micelle    DAP12-NKG2C + DHPC   100            85 × 85 × 85         6029
  micelle    OmpA + DHPC          80             87 × 87 × 87         6981
  bilayer    DLPE                 200            74 × 74 × 70         3290
  bilayer    DLPC                 200            75 × 75 × 70         3361
  bilayer    DPPC                 200            79 × 79 × 70         3647
  bilayer    POPE                 200            79 × 79 × 70         3896
  bilayer    POPC                 200            82 × 82 × 70         4027
  bilayer    DOPC                 200            82 × 82 × 70         4199
  bilayer    GpA + POPC           160            74 × 74 × 83         4204
  bilayer    OmpA + DOPE          200            87 × 87 × 93         7216
  bilayer    VDAC + POPC          200            95 × 95 × 76         7614
  bilayer    MscL + POPE          204            95 × 95 × 118        13222
  bilayer    OmpF + POPC          226            112 × 112 × 88       16548

To examine the capability of our approach for micelle systems, we tested four systems: a detergent-only system consisting of 65 DHPC; Pf1 (a coat protein from Pf1 bacteriophage);^[@ref31]^ DAP12-NKG2C (the complex of the DAP12 signaling module and the natural killer cell-activating receptor NKG2C);^[@ref32]^ OmpA (outer membrane protein A) (Figure [3](#fig3){ref-type="fig"}).^[@ref33]^ The radius of gyration (*R*~g~) of the head groups in the DHPC micelle is 21.0 ± 0.3 Å, in agreement with the result of a previous all-atom simulation (21.4 ± 0.2 Å).^[@ref25]^ In the protein systems, the *R*~g~ values did not fluctuate significantly, indicating overall stable protein/micelle complex structures. Pf1 and OmpA are very stable during the simulations, showing RMSD of less than 3 Å. To further evaluate if the simulations reproduce properly the interactions between proteins and their heterogeneous environments, we calculated the contact frequency of each residue in Pf1 to water, detergent head, and tail groups (Figure [4](#fig4){ref-type="fig"}). The transmembrane helix has higher frequency to interact with detergent tail groups than the periplasmic helix, in agreement with a previous all-atom simulation.^[@ref25]^ Compared to Pf1 and OmpA, DAP12-NKG2C shows larger fluctuations, with the largest RMSD approaching ∼5 Å. Comparison of the final structure from the simulation to the initial structure reveals that the DAP12 dimer is distorted and rotated ([Supporting Information](#notes-1){ref-type="notes"} Figure S5). Possible causes of such rearrangement are the polar residues (Asp16, Thr20, and Lys52) at the DAP12-NKG2C interface.^[@ref32]^ In the NMR structure, Lys52 forms an electrostatic network with Asp16 and Thr20 from one DAP12 protomer. However, during the simulation, Asp16 and Thr20 from the other DAP12 protomer move inward and distort the helix, which was also observed in all-atom simulations (data not shown).^[@ref37]^

![Micelle systems. (A) DHPC, (B) Pf1, (C) DAP12-NKG2C, (D) OmpA, (E) the time-series of radius of gyration of the detergent head groups, and (F) RMSD time-series of the proteins. Sodium and chloride ions are in blue and green spheres.](ci-2014-00007n_0004){#fig3}

![Contact frequency of residues in Pf1 to water, detergent head, and tail groups from (A) PACE CG and (B) all-atom simulations.^[@ref25]^ A contact is counted when the distance of a protein heavy atom to water/detergent is less than 5.5 Å.](ci-2014-00007n_0005){#fig4}

Finally, we extended our test to bilayer systems. We first tested six lipid-only bilayer systems, each consisting of 200 DLPC, DLPE, DPPC, POPC, POPE, and DOPC. The bilayer thickness and area per lipid of these systems did converge well (Table [3](#tbl3){ref-type="other"} and [Supporting Information](#notes-1){ref-type="notes"} Figure S6). Moreover, the areas per lipid for all the systems are close to the results from previous CG simulations and experiments (Table [3](#tbl3){ref-type="other"}). Five proteins, namely GpA, OmpA, VDAC, MscL, and OmpF, in different types of lipid bilayers were also tested. Except for GpA, the RMSDs of the proteins are smaller than 3 Å (Figure [5](#fig5){ref-type="fig"} and [Supporting Information](#notes-1){ref-type="notes"} Figure S7). GpA has a slightly larger RMSD due to a 10° change in the crossing angle between the helices ([Supporting Information](#notes-1){ref-type="notes"} Figure S8). In addition to protein stability, we also examined the dynamics of proteins in PACE CG simulations. Specifically, we analyzed the RMSF of VDAC for which the same analysis of all-atom simulations is available. As shown in Figure [5](#fig5){ref-type="fig"}E, the RMSFs arising from the PACE CG and all-atom simulations are very similar, particularly for the regions where secondary structures are formed. Interestingly, the loop regions exhibit larger RMSF values for the CG simulation, suggesting that more conformational variations in these regions are sampled. As the PACE FF often leads to simulations with dynamics faster than those using all-atom FF by about 1 order of magnitude,^[@ref19]^ our current 100-ns simulation may allow us to observe the dynamics that actually requires microsecond-long simulations in the all-atom case.

![Bilayer systems. (A) GpA, (B) VDAC, (C) MscL, (D) their RMSD time-series, and (E) RMSF of VDAC from CG and a 65-ns all-atom simulation.^[@ref51]^ Lipid phosphate atoms are in orange spheres. RMSF was calculated using the backbone non-hydrogen atoms.](ci-2014-00007n_0006){#fig5}

###### Thickness and Area Per Lipid of Lipid-Only Bilayer Systems[a](#t3fn1){ref-type="table-fn"}

                      area per lipid (Å^2^)        
  ------ ------------ ----------------------- ---- ----------------------
  DLPC   34.4 ± 0.3   60.1 ± 0.8              60   63 (303 K)^[@ref47]^
  DLPE   36.0 ± 0.3   55.3 ± 0.7              55   51 (308 K)^[@ref48]^
  DPPC   41.5 ± 0.4   60.2 ± 0.9              59    
  POPC   42.6 ± 0.4   64.8 ± 0.9                   64 (298 K)^[@ref49]^
  POPE   44.1 ± 0.4   61.2 ± 0.8              59   57 (303 K)^[@ref50]^
  DOPC   44.2 ± 0.4   68.0 ± 0.9              67   72 (303 K)^[@ref48]^

The current and previous CG simulations were all done at 300 K.

Conclusion {#sec4}
==========

In this study, we developed and tested the CHARMM-GUI PACE CG Builder, a web-based user interface for building solution, micelle, and bilayer PACE CG simulation systems. A total of 18 different systems were investigated in regard to structural stability during their simulations. Most proteins have RMSD values of less than 3 Å, and the radius of gyration, the bilayer thickness, and the area per lipid are similar to those from previous simulations. With the Martini CG FF, the number of atoms in a simulation system can be reduced by a factor of 10. Considering that a time step of 5 fs is used in the PACE/Martini hybrid simulation, about 30-times increase in simulation performance can be achieved compared to all-atom simulations using a 2-fs time step (Table [4](#tbl4){ref-type="other"}). Finally, the PACE FF provides more details for the protein than the Martini protein model, which is a superior feature in applications such as structural refinement.^[@ref45]^ We expect PACE CG Builder to be a useful tool for studying solution, micelle, and bilayer systems at the united-atom and CG level.

###### Speed Comparison of PACE CG and All-Atom Simulation[a](#t4fn1){ref-type="table-fn"}

         PACE CG        All-atom                                       
  ------ -------------- ---------- ------ -------------- ------- ----- ----
  α3d    63 × 63 × 63   2565       40.0   63 × 63 × 63   24702   1.4   28
  Pf1    83 × 83 × 83   5009       26.3   83 × 83 × 83   53753   0.7   37
  VDAC   95 × 95 × 76   7614       17.2   95 × 95 × 76   65033   0.6   28

The all-atom systems were built to match the box size of the CG systems with the same number of lipids or detergents. Simulations were performed on a 2.83 GHz Intel Xeon CPU using four cores.

Screenshots of the PACE CG builder web interface (Figures S1--3). Comparison of the last snapshot from MD to the crystal structure of lysozyme (Figure S4). Comparison of the last snapshot from MD to the NMR structure of DAP12-NKG2C (Figure S5). Thickness and area per lipid of bilayer systems (Figure S6). Structure and RMSD time-series of OmpA and OmpF in bilayer (Figure S7). The conformation of GpA during simulation (Figure S8). Validation of the converted MARTINI force field (Table S1). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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